High-Cr hypo-eutectic white cast irons are used in very demanding environments that require high resistance to erosive wear. The influence on the microstructural variation and erosive wear resistance of several fundamental factors related to the thermal treatments of these cast irons was analysed by means of a fractional Design of Experiments (DoE). These factors included the ones related to the destabilization of austenite. The precipitated phases were identified by X-ray diffraction (XRD), while the Rietveld structural refinement method was used to determine their percentages by weight. Erosion wear resistance was calculated using the test defined by ASTM G76. It was concluded that the quench cooling medium does not significantly influence either erosive wear resistance or the proportion of martensite or retained austenite. The destabilization temperature is a key factor with respect to the percentage of retained austenite. In order to increase the amount of martensite and decrease the amount of retained austenite, temperatures not exceeding 1000 • C are required. An increase of 100 • C in the destabilization temperature can lead to a 25% increase in retained austenite. Moreover, tempering temperatures of around 500 • C favour an additional increase in the percentage of martensite. Erosive wear commences on the matrix constituent without initially affecting the eutectic carbides. Once the deterioration of the matrix constituent surrounding these carbides occurs, they are released. High tempering times provide an increase in resistance to erosive wear due to a second destabilization of austenite during the said tempering.
Introduction
High-Cr hypoeutectic white cast irons are used in harsh environments that require high resistance to erosive wear [1] . Examples include the mining, cement and thermal power industries [2, 3] . These cast irons show two microstructural peculiarities that condition their properties. The first is that the matrix phase of their eutectic constituent is made up of austenite, while the second is that the carbides which form part of the said eutectic are of the (Fe,Cr) 7 C 3 type, also known as K 2 carbides. These carbides show hardness values ranging between 1500 and 1800 HV [1, 4, 5] . Austenite has high hardenability, allowing its partial transformation into martensite via air cooling [5] . Furthermore, the austenite is found in the supersaturated state as a result of non-equilibrium solidification [6, 7] . To enhance the wear resistance of these cast irons, it is advisable to carry out a treatment to destabilize this austenite, 
Materials and Methods
The purpose of applying a Design of Experiments (DoE) was to deliberately modify certain working design parameters related to heat treatments, the aim being to generate changes in certain responses of the material. Specifically, the goal was to analyse the variations in hardness and erosive wear resistance as well as the resulting microstructural changes, subsequently correlating the results. The analysis of these changes allowed us to determine which of the working parameters have a significant effect on these responses. Table 2 shows the analysed parameters and the levels chosen to modify these working conditions in an orderly way. The DoE allows the effect of the variation of a factor on a given response to be determined. An example would be the effect on hardness of varying the destabilization of austenite temperature from 1000 to 1100 • C. The effect of the variation of a single factor is called a principal effect. Although the calculation of the effects is complex and laborious, it can be simplified using the Yates algorithm [20] . This algorithm can be straightforwardly implemented on a spreadsheet. The effect of one factor may often depend on the value that another takes; when this occurs, these factors are said to interact. The "weight" of the main effects on the variations is greater than that of the interactions of 2 factors, while the importance of the latter is in turn greater than that of the interactions of 3 factors, and so on. In industrial practice, it is sufficient to consider Materials 2019, 12, 3252 3 of 13 only the main effects and the 2-factor interactions, which enables the number of experiments to be reduced [20] . Based on this premise, 8 experiments were accordingly carried out in the present study, which supposes a 1/8 (64/8 = 8) fractional factorial design. If we wished to analyse all the possible interactions, we would need to perform 64 experiments (2 6 = 64). In the case in hand, we estimated only 8 effects (2 6−3 ). Table 3 shows the array of experiments thus generated to carry out a DoE with 6 factors, 2 levels and 8 experiments. Columns D, E and F have been respectively constructed from the product of columns A × B, A × C and B × C. The "Restricted Confounding Pattern" column indicates only the main effects and those 2-factor interactions whose effects are confounded with the main effects. The effects are linear combinations of the analysed responses. Hence, applying the central limit theorem (CLT), they will follow a normal law. If all the effects were non-significant, they would follow an N (0,σ) law and would thus appear aligned when represented on a normal probability plot. The normal probability plot scale makes it possible to convert the distribution function of the N (0,σ) law into a straight line. The coordinate point (0.50) is thus situated on this line. If any effect is significant, however, it will follow an N (µ,σ) law, not appearing aligned with the non-significant effects. Those effects that deviate from the straight line towards the ends on the normal probability plot are considered significant. For example, if an effect deviates to the left, this would indicate that the factor associated with this effect at its -1 level would increase the value of the response. Similarly, if an effect deviates to the right of the straight line, this would indicate that the factor associated with this effect at its +1 level would increase the value of the response [20] . The statistical analysis was carried out with the help of the Statgraphics Centurion XVI program, version 16.1.18. Table 3 . Array of Experiments. The samples corresponding to each experiment were prepared by placing the analysis factors at the levels indicated in this array.
No. A B C D E F Restricted Confounding Pattern
The analysed responses were:
• The Vickers hardness. The applied load was of 981 N, while the hardness value was the average value obtained from 10 indentations. • Erosive wear resistance. This test was carried out as per ASTM G76 [21] by means of compressed air blasting with corundum particles, applying a pressure of 4 bar, a flow rate of 120 g/min and a 30 • angle of incidence on the sample surface. Three repetitions were performed per test. The duration of each test was 1 min. The abrasive particles were 50 microns in size and had an angular surface. •
The following microstructural variables:
Percentage by weight of austenite Percentage by weight of martensite Percentage by weight of carbides Volume of the austenite crystal cell Figure 1 shows the microstructure of these cast irons in the as-cast state. This microstructure is mainly made up of eutectic carbides of the K 2 type, retained austenite and pearlite. Figure 1 shows the microstructure of these cast irons in the as-cast state. This microstructure is mainly made up of eutectic carbides of the K2 type, retained austenite and pearlite. Figure 2 shows the diffractograms obtained in the 8 experiments. The analysis was carried out after having performed all the heat treatments indicated in Table 3 (array of experiments). The Bragg peaks corresponding to martensite were indexed to their reflections with Miller indices (110), (200) and (211). The Bragg peaks corresponding to austenite were indexed to their reflections with Miller indices (111), (200) and (222). Furthermore, other Bragg peaks can be appreciated on the irregular background produced by the fluorescence of the compositions that were identified with the structure of mixed carbides of type K2 (M7C3). The individual profile of each Bragg peak was fitted using pseudo-Voigt functions. Table 4 provides the 2θ and intensity (I) values of the Bragg peaks that stood out the most. (222). Furthermore, other Bragg peaks can be appreciated on the irregular background produced by the fluorescence of the compositions that were identified with the structure of mixed carbides of type K 2 (M 7 C 3 ). The individual profile of each Bragg peak was fitted using pseudo-Voigt functions. Table 4 provides the 2θ and intensity (I) values of the Bragg peaks that stood out the most. Figure 3 shows the overall fittings using the Rietveld method. Red crosses mark the observed intensities; the blue line, the intensity calculated according to the Rietveld structural model; the green line, the difference between the two; and the asterisks, the positions of the reflections. and (211). The Bragg peaks corresponding to austenite were indexed to their reflections with Miller indices (111), (200) and (222). Furthermore, other Bragg peaks can be appreciated on the irregular background produced by the fluorescence of the compositions that were identified with the structure of mixed carbides of type K2 (M7C3). The individual profile of each Bragg peak was fitted using pseudo-Voigt functions. Table 4 provides the 2θ and intensity (I) values of the Bragg peaks that stood out the most. Figure 3 shows the overall fittings using the Rietveld method. Red crosses mark the observed intensities; the blue line, the intensity calculated according to the Rietveld structural model; the green line, the difference between the two; and the asterisks, the positions of the reflections. Table 5 shows the percentages by weight and the network parameters of the main crystalline phases detected by XRD in each of the 8 experiments. The degree of accuracy of the fittings can be assessed by comparing the Rwp agreement factor and the Rexp index. The relationship between their squares, Chi 2 = (Rwp/Rexp) 2 , is known as the goodness of fit. In our case, a large part of the obtained fittings reaches values around 2, which corroborates a high degree of certainty in the analysis. Table 5 shows the percentages by weight and the network parameters of the main crystalline phases detected by XRD in each of the 8 experiments. The degree of accuracy of the fittings can be assessed by comparing the R wp agreement factor and the R exp index. The relationship between their squares, Chi 2 = (R wp /R exp ) 2 , is known as the goodness of fit. In our case, a large part of the obtained fittings reaches values around 2, which corroborates a high degree of certainty in the analysis. Table 6 shows the average values obtained in each experiment, together with the effects corresponding to the restricted confounding pattern specified in the array of experiments. The row corresponding to the average shows the average value obtained for each of the responses. Figure 4 shows the representation of these effects on a normal probability plot, highlighting those that have a significant effect on these responses. Figure 4a shows that the main factors that have a significant effect on the percentage of martensite are Factors A (destabilization of austenite temperature) and E (tempering temperature). Thus, if the aim is to increase this percentage, both factors should be placed at their respective −1 and +1 levels; i.e., a destabilization temperature of 1000 • C and a tempering temperature of 500 • C. It appears to be confirmed that the austenite will be partially converted to martensite during cooling after tempering at 500 • C [4] . Figure 4a also shows the significant effect of the interaction of both factors, an increase in the percentage in martensite being produced when both factors are simultaneously placed at their respective −1 and +1 levels. Furthermore, Figure 4b shows that the destabilization temperature also has a significant effect on the percentage of retained austenite: placing this factor at 1100 • C leads to an increase in the percentage of austenite. Note that an increase of 100 • C in the destabilization temperature can lead to an increase of more than 25% in retained austenite. This value is similar to the increase in martensite (29%) that reducing these 100 • C induces. Figure 4c shows that none of the analysed factors has a significant effect on the percentage of precipitated K 2 carbides. However, if a Pareto chart is used to represent the obtained effects, it can be seen that, although it does not show a significant effect, Factor F (tempering time) is the one that produces a greater effect on the percentage of these carbides (see Figure 5 ). Thus, placing this factor at its +1 level leads to a 7% by weight increase in carbide density. In this respect, the question may arise as to whether a high background of the diffractograms, due to the high fluorescence of the very Fe-rich compounds, might make it difficult to identify low intensity Bragg peaks belonging to carbides precipitated in a second destabilization of the austenite. Should this be the case, it might conceal the significant effect of Factor F on the percentage by weight of the precipitated carbides. Figure 4a shows that the main factors that have a significant effect on the percentage of martensite are Factors A (destabilization of austenite temperature) and E (tempering temperature). Thus, if the aim is to increase this percentage, both factors should be placed at their respective −1 and +1 levels; i.e., a destabilization temperature of 1000 °C and a tempering temperature of 500 °C. It appears to be confirmed that the austenite will be partially converted to martensite during cooling after tempering at 500 °C [4] . Figure 4a also shows the significant effect of the interaction of both factors, an increase in the percentage in martensite being produced when both factors are simultaneously placed at their respective −1 and +1 levels. Furthermore, Figure 4b shows that the destabilization temperature also has a significant effect on the percentage of retained austenite: placing this factor at 1100 °C leads to an increase in the percentage of austenite. Note that an increase of 100 °C in the destabilization temperature can lead to an increase of more than 25% in retained austenite. This value is similar to the increase in martensite (29%) that reducing these 100 °C induces. Figure 4c shows that none of the analysed factors has a significant effect on the percentage of precipitated K2 carbides. However, if a Pareto chart is used to represent the obtained effects, it can be seen that, although it does not show a significant effect, Factor F (tempering time) is the one that produces a greater effect on the percentage of these carbides (see Figure 5 ). Thus, placing this factor at its +1 level leads to a 7% by weight increase in carbide density. In this respect, the question may arise as to whether a high background of the diffractograms, due to the high fluorescence of the very Fe-rich compounds, might make it difficult to identify low intensity Bragg peaks belonging to carbides precipitated in a second destabilization of the austenite. Should this be the case, it might conceal the significant effect of Factor F on the percentage by weight of the precipitated carbides. Figure 4d shows the significant effect of Factor A (destabilization temperature) on the volume of retained austenite: an increase in this temperature to 1100 °C leads to an increase in the said volume. This could be due to the increase in the solubility limit of C in the austenite. Figure 4e shows, once again, that the destabilization temperature (Factor A) has a significant effect on the hardness of the material. Thus, there is an increase in the said hardness when this temperature is placed at its −1 level (1000 °C). This could be due to the increase in martensite (and the decrease in the amount of retained austenite) resulting from placing the destabilization temperature at 1000 ° C. Figure 4d shows the significant effect of Factor A (destabilization temperature) on the volume of retained austenite: an increase in this temperature to 1100 • C leads to an increase in the said volume. This could be due to the increase in the solubility limit of C in the austenite. Figure 4e shows, once again, that the destabilization temperature (Factor A) has a significant effect on the hardness of the material. Thus, there is an increase in the said hardness when this temperature is placed at its −1 level (1000 • C). This could be due to the increase in martensite (and the decrease in the amount of retained austenite) resulting from placing the destabilization temperature at 1000 • C. Figure 4f shows that Factor F (tempering time) has a significant effect on abrasive wear resistance: placing this factor at its −1 level (3 h) leads to an increase in the percentage wear. To increase the material's resistance to erosive wear, the tempering time should be increased to 6 h (+1 level). This increase in wear resistance could be due to the second destabilization of austenite during tempering, resulting in the precipitation of secondary carbides, which would confirm the comments related to Figure 4c . This second destabilization requires a long time due to the difficulty of diffusion of the carbon atoms at the tempering temperatures. Figure 6 shows the microstructure of some specimens obtained after the different heat treatments; in particular, those corresponding to Experiments 1, 2, 6 and 8. Figure 6a , which corresponds to Experiment 1, shows the majority presence of martensite. Figure 6b -d corresponding respectively to Experiments 2, 6 and 8, show a greater amount of retained austenite. Figure 6c ,d, with a slightly longer exposure to the etching reagent than in Figure 6b , reveal the characteristic martensite needles embedded in the retained austenite. Secondary carbides which precipitated during the destabilization of austenite can be observed in Figure 6a Figure 7b shows the microstructure in one of the regions adjacent to the wear track, where these impact marks appear. It can be seen that the impact of corundum particles initially produces deterioration of the matrix constituent (austenite and martensite) without affecting the eutectic carbides. Once the deterioration of the matrix constituent surrounding these carbides occurs, they are released. Figure 7c Figure 7b shows the microstructure in one of the regions adjacent to the wear track, where these impact marks appear. It can be seen that the impact of corundum particles initially produces deterioration of the matrix constituent (austenite and martensite) without affecting the eutectic carbides. Once the deterioration of the matrix constituent surrounding these carbides occurs, they are released. Figure 7c shows the profile of one of the wear tracks. Bearing in mind this wear mechanism, it seems reasonable to conclude that the improvement in the erosive wear resistance of this white cast iron would be the result of an increase in the wear resistance of its matrix constituent. This improvement could be based on the development of new chemical compositions, together with changes in heat treatments, which allow the density of secondary carbides in the matrix constituent to be increased.
Results and Discussion

Conclusions
Based on the deliberate variation of parameters related to the heat treatment of a hypo-eutectic white cast iron containing 18% Cr and, in particular, taking into account those parameters related to the destabilization of austenite, it is concluded that:
1. The severity of the quench cooling medium does not significantly influence hardness, erosive wear resistance or the proportion of martensite or retained austenite. 2. The destabilization temperature is a key factor with respect to the percentage of retained austenite. In order to increase the amount of martensite and decrease the amount of retained austenite, low destabilization temperatures not exceeding 1000 °C are required. An increase of Bearing in mind this wear mechanism, it seems reasonable to conclude that the improvement in the erosive wear resistance of this white cast iron would be the result of an increase in the wear resistance of its matrix constituent. This improvement could be based on the development of new chemical compositions, together with changes in heat treatments, which allow the density of secondary carbides in the matrix constituent to be increased.
1.
The severity of the quench cooling medium does not significantly influence hardness, erosive wear resistance or the proportion of martensite or retained austenite.
2.
The destabilization temperature is a key factor with respect to the percentage of retained austenite. In order to increase the amount of martensite and decrease the amount of retained austenite, low destabilization temperatures not exceeding 1000 • C are required. An increase of 100 • C in the destabilization temperature can lead to a 25% increase in retained austenite.
3.
Moreover, tempering temperatures of around 500 • C favour an additional increase in the percentage of martensite.
4.
Erosive wear commences on the matrix constituent without initially affecting the eutectic carbides. Once the deterioration of the matrix constituent surrounding these carbides occurs, they are released.
5.
Long tempering times, of around 6 h, provide an increase in resistance to erosive wear due to a second destabilization of austenite during the said tempering. This destabilization delays the deterioration of the matrix constituent.
